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Abstract 
New amines with characteristics which counteract and contrast underlying issues with current solvents including chemical 
efficiency, chemical stability, and the ability to be operated over extended periods, will no doubt reduce the cost and 
environmental impact of CO2 capture processes via their lower upfront investment in infrastructure and ongoing operational 
costs. Based on the superior absorption rate and performance of piperazine and the extended family of cyclic piperidine 
derivatives for CO2 capture processes, a suite of structurally modified cyclic di-amine/tri-amine solvents utilizing the cyclic 
structure was proposed. The work presented here aims to provide higher efficiency solvents based on single molecule designer 
amines in comparison with MEA for post combustion capture of CO2. This work details the comprehensive laboratory and 
modelling investigation of the structurally modified amines series for CO2 capture processes and a comparison to the capture 
performance of monoethanolamine (MEA). Thirty designer amines have been synthesised here and their CO2 cyclic capacities 
measured using quantitative 13C NMR spectroscopy. Cyclic capacity results indicated the majority of the designer amines showed 
improved cyclic capacity (when expressed on molar or mass ratios) compared to MEA. Twelve amines achieved greater than 
80% improvement in cyclic capacity over MEA (expressed as moles of CO2/mol of nitrogen) with the largest improvement 
achieving a 158% increase. Estimations of the energy requirements for CO2 capture for each of the amines was performed here. 
Ten of the amines synthesised here demonstrated improvements of 27% or greater than the energy performance of MEA, with the 
largest improvement being 32%. Following this, a selection of designer amines was progressively synthesized at larger scales 
allowing measurements of CO2 absorption rates using a wetted wall column at 40oC. Comparable mass transfer rates were 
observed for two amines, which in combination with the cyclic capacity data and energy estimates places them firmly as 
promising candidates for CO2 capture.   
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1. Introduction 
Post-Combustion Capture of CO2 (PCC) from coal fired power station flue gas streams using amine based 
solvent systems currently represents the most technologically mature means of implementing carbon capture and 
storage (CCS).1,2 It will be the first technology implemented on a commercial scale/application to reduce CO2 
emissions from coal-fired power stations globally in the near term. However, the application of the technology is 
still facing several challenges:  
x Requisite for more efficient amines to react with CO2 rapidly and achieve high CO2 loadings given low 
CO2 partial pressures in the gas stream  
x Amines must release CO2 more rapidly and efficiently during desorption with lower overall energy 
consumption  
x Greater stability of amines in the presence of other acidic and oxidative gases, such as NOx, SOx and O2, 
which make amine degradation a serious problem during operation  
x Long term effects from the treatment of large quantities of flue gases may inflict local environmental issues 
and impose operational issues (i.e. faults caused by corrosion).  
The work presented here aims to provide higher efficiency solvents based on single molecule designer amines in 
comparison with MEA for post combustion capture of CO2. These amines combine structural advantages in CO2 
absorption-desorption process to improve energy performance of the solvent while retaining reasonable absorption 
rates. The study of designer amines here also aims to extend the current knowledge base around the influence of 
amine structure on the reactions between CO2 and aqueous amines. 
1.1. CO2 reaction pathways 
A brief summary of the reactions occurring in CO2-amine solutions according to the different amine classes is 
presented in equations (1) to (4).  
Primary and secondary amines react to form carbamates via a fast nucleophilic reaction with CO2 as described in 
equation (1).3 The stability of the carbamate determines the stoichiometry of the reaction which is limited to 0.5 
moles of CO2 absorbed per mole of amine in the case of stable carbamates given the reaction requires a second 
amine molecule to receive protons released during the formation (of carbamate). Steric hindrance can enhance the 
conversion of carbamates to bicarbonates resulting in a higher CO2 capture capacity, but it can also have a negative 
impact on reaction rates.4,5  
 1 2 2 1 2 2 1 2 22R R NH CO R R NCO R R NH
  mo       (1) 
Tertiary amines do not form carbamates, rather they act as a base to accept protons from the slow reaction of CO2 
with H2O. This scenario is described in equation (2). While the absorption rates associated with this pathway can be 
a limiting factor, amines which follow this pathway typically result in higher CO2 loadings and require lower 
energies during CO2 desorption. It is therefore desirable to combine the advantages of different amines to make 
more efficient solvents for CO2 capture.  
 1 2 3 2 2 3 1 2 3R R R N CO H O HCO R R R NH
   mo       (2) 
The formulation of two or more amine molecules into a single blended solvent is a common method used to 
combine the optimum properties of individual amines. This scenario is described by equation (3).  
 1 2 1 2 3 2 1 2 2 1 2 3R R NH R R R N CO R R NCO R R R NH
   mo      (3) 
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 However, while this approach has merit, it also has the limitation that the mixed solvent typically has the 
volatility, toxicity and stability of the worst component in the formulation. As an alternative to this scenario, the - of 
two or more amine groups into a single molecule has several inherent advantages, notably the stoichiometric 
efficiency of the absorption reaction which dictates that only one molecule of amine is required per molecule of CO2 
since the single molecule is performing both the reactive (with CO2) and proton accepting roles. 6 The scenario for a 
di-amine is demonstrated in equation (4) where N1N2 represents a simple di-amine. The design and synthesis of such 
amines allows molecular control over the amine properties including steric hindrance, amine type (primary, 
secondary, tertiary), and functionality, in order to capture the rapid reaction rate of primary and secondary amines as 
well as fast intra-molecular proton transfer to enhance bicarbonate formation. Therefore, the inherent benefit of 
these amines is the potential to have larger CO2 capture capacities than MEA, while ideally maintaining competitive 
CO2 mass transfer rates. 
 1 2 2 1 2 2N N CO N H N CO
  mo        (4) 
2. Experimental section 
2.1. Chemicals 
The chemicals used in the synthesis of the amines were purchased from Sigma Aldrich, Strem Chemicals and 
Oakwood chemicals. CO2 and N2 gases were purchased from BOC gases (>99%). 
2.2. Designer amines 
The series of amines proposed in this work are based on two skeletons as shown in Figure 1.  The introduction of 
various substituents on the nitrogen groups was proposed in order to maximize the advantages of different amine 
types and to improve the amine properties for PCC. The two parent skeleton amines share structural similarities to 
the sub-family of piperidine derivatives that, as a group of amines, were found to display excellent CO2 loadings in 
our previous study.7 Furthermore, the skeleton amines also have partial structural similarity to piperazine which is 
widely used as a promoter in amine solvents for CO2 capture and can be modified with different substituent to 
improve the properties of the final products. Structural modification of the parent skeleton molecules through 
selective addition of carbon chains, hydroxyl groups, and additional amine groups, around the cyclic ring structure, 
was performed here, ultimately giving rise to a series of 30 new amines.  
 
Figure 1. Designer amine synthesis based on parent molecules 
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2.3. Cyclic capacity analysis via 13C NMR spectroscopy 
Thirty three amines, including 30 designer amines, MEA, and the two parent skeleton amines, were studied for 
their cyclic capacities using quantitative 13C NMR spectroscopy. CO2 absorption-desorption experiments were 
conducted using the experimental setup described in previous work.8,9 This method is highly suited to the 
investigation of cyclic capacities when the availability of material for testing is limited.  
Briefly, a mixed synthetic gas containing 15% CO2 in N2 was humidified and bubbled through the aqueous amine 
solution in a jacketed reaction flask. The temperature of the vessel was maintained by a circulating water bath at 
40˚C for absorption, and 90˚C for desorption. The amine solution was exposed to the gas mixture for 18 hours or 
until it had reached the maximum CO2 loading as indicated in the NMR spectrum (no further changes). Desorption 
of CO2 from the amine solutions was performed at 90˚C for one hour using the same experimental setup. 
2.4. Energy performance estimations 
To gain insight into the potential benefit of using our designer amines, simple estimations of the energy 
requirements for desorption of CO2 were made using the energy balance.10 The experimental conditions that were 
used for the measurements were taken as the conditions for the estimation of the energy requirements: designer 
amine concentration of 2.0 M; 40°C absorption temperature; heating to 90°C desorption temperature; and a total 
pressure of 101.3 kPa. The enthalpy of CO2 absorption (desorption is the same value with opposite sign), ΔHCO2, 
was assumed to be equal to MEA (-85 kJ / mol). These conditions represent suboptimal process conditions and the 
enthalpy of absorption represents an upper limit as it is a value typical of a primary amine†. The secondary and 
tertiary amine functional groups in many of the designer amines will have a smaller enthalpy of absorption and will 
have even better energy performance than that estimated here. The estimated energy performance improvements can 
be considered conservative estimates, with significant scope for greater improvement through more detailed 
characterisation of the amine properties, optimisation of process conditions and amine concentration. More 
experimental data of the CO2-amine-water vapour-liquid-equilibria of these systems is required to develop more 
precise estimates, and this is currently not possible with the small amounts of designer amine available.  
There are three main terms contributing to the energy requirement of CO2 desorption (qdes (kJ / g) (equation (8)). 
They are: the heating of the absorbent to desorption temperature (qheat (kJ / g) (equation (5) which is governed by the 
liquid circulation rate and heat capacity; water evaporation (qvap (kJ / g) (equation (6)) and the energy required to 
reverse the chemical reactions and to release CO2 (qabs (kJ / g) (equation (7)).  
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In these equations Cp is the heat capacity of the solution (assumed equal to water, 4.18 kJ / g / K), Tinitial is the 
initial temperature of the loaded solution (40°C), Tdes is the desorption temperature to which the solution is heated 
(90°C), Δα is the difference in mass based CO2 loading (g CO2 / g solution) between the absorber and desorber 
temperature, Msol is the molecular mass of the solution (g / mol), MCO2 is the molecular mass of CO2 (44.01 g / mol), 
 
 
† The magnitude of the enthalpy of absorption varies with the structural features of amine molecules but follows the general trend 
tertiary amines < secondary amines < primary amines.  
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XH2O is the mole fraction of water in the solution, ΔHvap is the enthalpy of water vaporisation (-40 kJ / mol), pH2O and 
pCO2 are the partial pressures of water and CO2 respectively at 90°C (݌ுଶை ൌ ܺுଶை݌ுଶைכ  and ݌஼ைଶ ൌ ͳͲͳǤ͵ െ ݌ுଶை  
where ݌ுଶைכ  is the vapour pressure of pure water, kPa) and ΔHCO2 is the enthalpy of CO2 absorption (-85 kJ / mol).  
Aqueous MEA, at 4.0 M, was used as the base for comparison to the performance of the synthesised amines. This 
concentration was chosen because it yields the same total nitrogen concentration as 2.0M solutions of the di-amines 
tested. Under the conditions used this gives an energy requirement of 9.34 kJ / g CO2.  
2.5. Wetted wall column 
The absorption efficiency of a solvent can be measured in the laboratory using a wetted wall column apparatus 
that is designed to mimic the gas-liquid contact occurring in typical packed absorption columns. The apparatus 
operates by counter-currently contacting an amine liquid which is flowing down over an absorption column with a 
gas stream travelling upwards and adjacent to the liquid before exhausting at the top. Such measurements combine 
the processes of CO2 diffusion across the gas-liquid interface, and chemical reaction within the amine liquid acting 
to consume CO2, resulting in overall mass transfer co-efficients for CO2 absorption in each of the amine solutions 
over a range of CO2 loading conditions. The absorption of CO2 into 2.0 M solutions of the designer amines (4.0 N 
amine concentrations in the case of di-amines and 6.0N for tri-amines) was performed here at 40oC. The apparatus 
used in this work was similar to that used in our previous studies and details of the setup can be found there.11 CO2 
absorption into partially CO2 loaded solutions was performed to gain insight into the performance of the solvent as it 
would progress through a realistic absorption column. Corresponding measurements in 4.0M MEA solutions over a 
range of CO2 loadings was performed for comparison.  
3. Results and Discussion 
3.1. Cyclic capacity 
The obtained cyclic capacity results for the designer amines here are displayed in Figure 2 in terms of a molar 
and mass basis. The former molar cyclic capacity is defined as moles of CO2 per mole of nitrogen (rather than moles 
of amine, as the tested amine may contain different numbers of nitrogen) while mass based cyclic capacity is 
calculated as the grams of CO2 per grams of amine. Figure 2 additionally displays the relative cyclic capacity of 
MEA for comparison.  
 
Figure 2. Cyclic capacity of designer amines and MEA 
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The results in Figure 2 display that 26 amines have increased cyclic capacity compared to MEA on a molar basis 
indicating that most of the designer amines contain more effective amino-functional groups. Twelve amines 
obtained more than 80% improvement in cyclic capacity on a molar basis and the largest improvement is 158% for 
Amine C6. When the molecular weight of the amines are considered, twenty of the designer amines displayed an 
increased cyclic capacity (mass basis) than MEA while nine of the amines showed an improvement of 70% or more.  
 
3.2. Energy performance estimations 
The improvement in the energy estimate for each of the designer amines compared to MEA, calculated using 
equation 8, is shown in Figure 3. From the figure some ten amines yield improvements above 27% compared to 
MEA. Amine D9 yields the greatest overall improvement in energy requirement of some 32%. These can be 
considered the most promising preliminary candidates. With the data currently available for each amine it is 
effectively the cyclic capacity and the amine molecular mass that define the energy performance. From the 
simulations it is the qheat term which makes the largest contribution. This term is governed by the changes in cyclic 
capacity and molecular mass from amine to amine. The larger the cyclic capacity, and the smaller the molecular 
mass, the smaller the net mass to be heated per unit of CO2 released. 
 
Figure 3. Estimated improvement in energy performance compared to MEA 
3.3. Overall mass transfer coefficients 
CO2 absorption rates at 40oC into 2.0 M solutions of the designer amines A4, A9, C3, and C4, and 4.0M MEA for 
comparison, was investigated in this work using a wetted wall column contactor. The overall mass transfer 
coefficients, KG, as a function of CO2 loading, are presented in Figure 4. 
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Figure 4. Overall mass transfer co-efficients, KG, as a function of CO2 loading in 2.0 M solutions of amines A4, A9, C3, and C4 at 40oC. Data for 
4.0 M MEA included for comparison. 
From the mass transfer coefficients in Figure 4 the reactivity of the amines follows the trend A4 ~ A9 > MEA > 
C3 > C4. In all cases here, CO2 mass transfer decreases linearly with increasing CO2 loading, which is in line with 
the supposition of a depletion of the bulk concentration of free “reactive” amine as CO2 loading increases, and 
increases in solution viscosity due to the increasing amount, and interactions, of charged species (carbonate, 
bicarbonate, protonated amine, carbamate etc) in the solution. Both amines A4 and A9 demonstrate mass transfer 
rates up to 2 times higher than amines C3 and C4 over the entire loading range. Importantly, mass transfer above 
diffusion is maintained in amines A4 and A9 up to a loading of 0.5, improving the overall working range of the 
solvent. 
Conclusions 
Through amine synthesis this work has highlighted a series of designer amines capable of achieving similar or 
greater capture performance when compared to monoethanolamine (MEA). The combination of larger cyclic 
capacities, lower estimations of the minimum reboiler duty, and comparable CO2 mass transfer rates places several 
of these amines firmly as promising candidates to achieve the largest overall cost reduction (via contributions of the 
solvent) for a CO2 capture process. 
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